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ABSTRACT: Molecular dynamics simulations employing a molecular mechanics (MM) force field and hybrid
quantum mechanics (QM) and MM (QM/MM) have been carried out to investigate the product specificity
and mechanism of the histone H4 lysine 20 (H4-K20) methylation by human histone lysine methyltrans-
ferase SET8. At neutral pH, the target lysine is available to only the enzyme in the protonated state. The
first step in the methylation reaction must be deprotonation of the lysine target which is followed by the
+AdoMet methylation of the neutral lysine [Enz ·Lys-CH2-NH3

+ · +AdoMet f H+ + Enz ·Lys-CH2-
NH2 · +AdoMetff Enz ·Lys-CH2-N(Me)H2

+ ·AdoHcy]. The electrostatic interactions between two positive
charges on +AdoMet and Lys20-NH3

+ decrease the pKa of Lys20-NH3
+. Upon formation of Enz ·Lys-

NH3
+ · +AdoMet, a water channel by which the proton escapes to the outer solvent phase is formed. The

formation of a water channel for the escape of a proton from Lys20-N(Me)H2
+ in Enz ·Lys20-

N(Me)H2
+ · +AdoMet is not formed because the methyl substituent blocks the starting of the water channel.

Thus, a second methylation does not take place. The dependence of the occurrence of methyl transfer on
the formation of a water channel in SET8 is in accord with our previous reports on product specificity by
histone lysine monomethyltransferase SET7/9, large subunit lysine dimethyltransferase (LSMT), and viral
histone lysine trimethyltransferase (vSET). The average value of the experimental ∆GE

q for the six lysine
methyl transfer reactions catalyzed by vSET, LSMT, and SET7/9 with p53 as a substrate is 22.1 ( 1.0
kcal/mol, and the computed average (∆GC

q) is 22.2 ( 0.8 kcal/mol. In this study, the computed free
energy barrier of the methyl transfer reaction [Lys20-NH2 + +AdoMet f Lys20-N(Me)H2

+ + AdoHcy]
catalyzed by SET8 is 20.8 kcal/mol. This is in agreement with the value of 20.6 kcal/mol calculated from
the experimental rate constant (0.43 ( 0.02 min-1). Our bond-order computations establish that the H4-
K20 monomethylation in SET8 is a concerted linear SN2 displacement reaction.

In eukaryotic cells, DNA is packaged in the format of
chromatin. The chromatin is composed of the nucleosome
which is built from the N-termini of four different histone
enzymes. Post-translational modification, including the me-
thylation at the site-specific target lysine, of these histone
tails is vital in the adoption of a compacted chromatin
structure (1).

All but one (2, 3) of the known protein lysine methyl-
transferases (PKMTs) (4–16) has a conserved domain, which
is called the SET domain. PKMTs catalyze methyl transfer
from S-adenosylmethionine (+AdoMet) cofactor to the target
lysine at the histone tails. Depending upon the PKMTs and
lysine target, one, two, or three methyl transfers may occur.
The number is called product specificity (Scheme 1).

We (17–19) have shown that each allowed methyl transfer
step includes (i) the formation of a water channel which
allows dissociation of the proton of target Lys-NH3

+ and
transfer to solvent, (ii) neutral lysine methylation by
+AdoMet, and (iii) release of AdoHcy and Enz ·Lys-
N(Me)H2

+. Repeat of this sequence provides dimethylated
lysine, and another repeat yields a trimethylated lysine.
The formation of a water channel, or not, explains the

processivity and multiplicity of the methyl transfer steps
by PKMTs (Scheme 2).

Recently, the crystal structure of a member, SET81 (also
known as Pre-SET7), of the PKMT family has been
determined. Lysine H4-K20 can be methylated by a number
of SET domain enzymes, including SET8, Suv4-20h1 (20),
Suv4-20h2 (20), and NSD1 (21). Both Suv4-20h enzymes
(20) are able to trimethylate H4-K20, while SET8 is highly
selectively monomethylating H4-K20. We now report a
molecular dynamics (MD) and hybrid SCCDFTB/MM
methods [SCCDFTB (29, 30), self-consistent-charge density-
functional tight-binding] study of the mechanism of H4-K20
methylation catalyzed by histone methyltransferase SET8.

MATERIALS AND METHODS

The initial structure of the SET8 ·Lys20 · +AdoMet com-
plex was built from the X-ray structure [PDB entry 2BQZ
(10)] of the SET8 enzyme with AdoHcy and the methylated
Lys [Ly20-N(Me)] peptide substrate. In this X-ray structure
[PDB entry 2BQZ (10)], water molecules are designated by
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four fragments: U (1-17), V (1-247), Y (1-25), and Z
(1-324). The methyl group of enzyme-bound +AdoMet was
built on the basis of the SET8 ·MeLys20 ·AdoHcy structure.

A water [TIP3P (22)] sphere with a 25 Å radius was centered
at the +AdoMet cofactor. Hydrogen atoms were added to the
crystal structure using the HBUILD module implemented in
CHARMM (23) (version 31b1), and CHARMM31-recognized
all-atom 30-force field parameters (24, 25) were employed. A
spherical boundary potential (26) for a 25 Å radius was used
to prevent the water from “evaporating” from the surface. Each
complex, including SET8 ·Lys20-NH3

+, SET8 ·Lys20-NH3
+ ·

+AdoMet, SET8 ·Lys20-NH2 · +AdoMet, SET8 ·Lys20-N(Me)-
H2

+ ·AdoHcy, SET8 ·Lys20-N(Me)H2
+, SET8 ·Lys20-N(Me)-

H2
+ · +AdoMet, and SET8 ·Lys20-N(Me)H · +AdoMet, was

minimized by the adopted basis Newton-Rasphon (ABNR)
method until the gradient was less than 0.01 kcal mol-1 Å-1 at
the MM level. Stochastic boundary molecular dynamics (SBMD)
(27) were carried out for 3.0 ns on each complex. An integration
time step of 1 fs was used, with all the bonds involving
hydrogen atoms constrained using SHAKE (28).

The presence of a water channel is established by
determining the distances between the hydrogen and oxygen
atoms of the continuous water molecules. The average O · · ·O
distance in the water cluster has been determined to be 2.85
(42) and 2.94 Å (43) so that the O · · ·H distance between
the adjacent waters is <1.85 Å in the hydrogen bonds which
form a water channel.

Fifteen snapshots of SET8 ·Lys20-NH2 · +AdoMet and
SET8 ·Lys20-N(Me)H · +AdoMet complexes were picked at
an interval of 200 ps from the 3 ns MD trajectories. Each of
the 15 snapshots was minimized by SCCDFTB/MM methods
[SCCDFTB (29, 30), self-consistent-charge density-func-
tional tight-binding] until the gradient was less than 0.01
kcal mol-1 Å-1, which led to an optimized structure of the
reactant. The calculation of the SCCDFTB/MM term is

described in refs 29 and 30 in detail. In the SCCDFTB/MM
calculations, the SCCDFTB region included the -CH2-
S+(Me)-CH2- part of the +AdoMet cofactor and the side
chain of the neutral lysine 20 in the peptide substrate (Lys20-
NH2) [or neutral monomethylated lysine 20, Lys20-N(Me)H].
Link atoms were introduced to saturate the valence of the
QM boundary atoms.

Adiabatic mapping calculations at the SCCDFTB/MM
level were carried out using a two-dimensional potential
energy surface (PES). The two-dimensional reaction
coordinates were the Nε(Lys20)-Cγ(+AdoMet) and
Cγ(+AdoMet)-Sδ(+AdoMet) distances. The transition states
were obtained by using conjugate peak refinement (CPR)
(31) implemented in the Trajectory Refinement and Kine-
matics module of CHARMM, and normal-mode analysis
provided only one imaginary frequency for characterizing
the transition state. SCCDFTB for this methyl transfer
reaction (19) is validated as compared with the B3LYP/6-
31G*//MM calculations (32). The Wiberg bond-order analy-
sis (33) of the bond making and breaking was carried out at
the MP2/6-31+G(d,p)//MM level (Gamess-US version, June
22, 2002) (34) based on the transition state determined by
SCCDFTB/MM.

The residues within 16 Å of +AdoMet in all species
(reactant, transition state, and product) were included in
normal-mode analysis to provide 3N - 6 frequencies, which
were employed to calculate the zero-point energy, the thermal
vibrational energy, and the entropy. (N is the number of
atoms within the reduced regions; residues beyond that were
fixed in the vibrational calculations.)

The free energies were obtained using the equation ∆G
) ∆E + ∆ETher + ∆(ZPE) - T∆S (35). To obtain more
quantitative free energy barriers, single-point computations
at the MP2/6-31+G(d,p)//MM (Gamess-US version, June 22,
2002) (34) level were carried out. The potential energy (∆E)

Scheme 1

Scheme 2
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was provided by QM/MM. The thermal energy (∆ETher)
could be expressed as ∆ETher ) ∆ETrans + ∆ERot + ∆EVib.
The vibrational contributions [∆(ZPE), ∆EVib, and -T∆S]
were determined with harmonic approximation at 298 K by
normal-mode analysis. Because the thermal energies and
entropies from the transition motion (ETrans) and rotation
motion (ERot) are linear with temperature according to their
corresponding statistical equations, their contributions to the
reaction barrier (or reaction energy) should be approximately
zero for an enzymatic reaction at a constant temperature.
From comparison of the computational and experimental free
energy of activation (see Conclusions), umbrella sampling
or potential of mean force would have no advantage. Thus,
the equation ∆G ) ∆E + ∆Evib + ∆(ZPE) - T∆S is used
in this study.

RESULTS AND DISCUSSION

The Neutral Lys20-NH2 Peptide Substrate Is Created at
the Time of Formation of a Water Channel. Throughout 3 ns
trajectories of MD simulations on the SET8 ·Lys20-NH3

+ ·
+AdoMet complex, a water channel, associated with a statistical
66.7% presence based on the distance (<1.85 Å), allows
dissociation of a proton of Lys20-NH3

+ into the solvent (Figure
1). Our previous reports (17–19, 41) of 3 ns MD simulations
on each complex [Enz ·Lys-NH3

+, Enz ·Lys-NH3
+ · +AdoMet,

Enz ·Lys-N(Me)H2
+, Enz ·Lys-N(Me)H2

+ ·+AdoMet, Enz ·Lys-
N(Me)2H+, and Enz ·Lys-N(Me)2H+ · +AdoMet] indicate that
these structures are very stable. The electrostatic interaction
between two positive charges on the cofactor and (methylated)
substrate decreases the pKa of the (methylated) substrate. Only
a water channel appears in SET7/9 ·Lys4-NH3

+ · +AdoMet,
LSMT ·Lys-NH3

+ · +AdoMet, LSMT ·Lys-N(Me)H2
+ · +Ado-

Met, vSET ·Lys27-NH3
+ ·+AdoMet, vSET ·Lys27-N(Me)H2

+ ·
+AdoMet, and vSET ·Lys27-N(Me)2H+ ·+AdoMet. These find-
ings afford a definitive explanation to product specificity by
PKMTs (Scheme 2). Methyl transfer does not occur if a water

channel is not present. Each allowed methyl transfer step
includes (i) the formation of a water channel to allow dissocia-
tion of a proton from protonated charged lysine into solvent,
(ii) methylation of a neutral lysine by +AdoMet, and (iii) product
formation and release. The formation of a water channel, or
not, explains the processivity and multiplicity of the methyl
transfer steps by PKMTs. Much longer MD simulations should
provide the same evidence that the ability or inability to form
a water channel determines whether methyl transfer occurs.

The average densities (Table 1) and the O · · ·H distance
of <1.85 Å between the adjacent water confirm the formation
of a water channel.

An enzyme-bound water (WatZ143) is hydrogen bonded
to Lys20-NH3

+ and becomes the starting point of the water
channel (Figure 1). Examination of the environment around
the water channel shows that there is no base present that
can assist proton departure. When a hydroxide ion (HO-) is
positioned at A (Figure 1), there should be no energy barrier
for the proton dissociation of Lys20-NH3

+ because the pKa

of HOH (∼16.0) is much greater than that of Lys-N+H2H
(∼10.0). Both SCCDFTB/MM and HF/6-31+G(d,p)//MM
computations confirm that there is no energy barrier for
proton transfer from Lys20-NH3

+ to HO- positioned at A
(Figure 1). Because the concentration of HO- at an optimal
pH of 8.0 is 10-6, the observed energy barrier for proton
dissociation would be 8.4 kcal/mol.

Mechanism for the First Methyl Transfer Step. The
reaction coordinates for the first methyl transfer reaction
[SET8 ·Lys20-NH2 · +AdoMet f SET8 ·Lys20-N(Me)H2

+ ·
AdoHcy] are depicted in Figure 2. The key geometric
parameters of the ground, transition, and product states as
well as the bond order at the transition state are also given
in Figure 2.

Normal-mode analysis characterizes the transition state
(TS-M) of the first methylation step with only one imaginary
frequency of 399 ( 94i cm-1. The linear Sδ(+AdoMet) · · ·Cγ

FIGURE 1: Snapshot of a water channel presenting 3 ns molecular dynamics simulations on species SET8 ·Lys20-NH3
+ · +AdoMet.

Table 1: Average Densities (in atoms per cubic angstrom) of the Water Molecules at the Positions of a Water Channel (shown in Figure 1) during the
MD Simulations on SET8 ·Lys20-NH3

+ · +AdoMeta

WatZ143 WatY5 WatY20 A B C D E F

density 0.006 0.008 0.009 0.013 0.018 0.022 0.023 0.023 0.018
a The solvent water molecules are designated by A-F, and F is on the surface of the water sphere with a 25 Å radius. The crystal water molecules

are designated by Wat.

Methylation of H4-K20 by SET8 Biochemistry, Vol. 47, No. 25, 2008 6673



(+AdoMet) · · ·Nε(Lys20-NH2) configuration (Figure 2C) of
the TS-M as well as the bond-order analysis (Figure 2C) of
Nε(Lys20-NH2) · · ·Cγ(+AdoMet) and Cγ(+AdoMet) · · ·Sδ-
(+AdoMet) bonds of the TS-M is characterized as a concerted
SN2 displacement (36). These features are shared by the
transition states of the first methyl transfer step catalyzed
by SET7/9, LSMT, and vSET (17–19, 41).

The calculated average free energy barrier of the methyl
transfer reaction is as follows: ∆GC

q ) ∆EC
q + ∆(ZPE)C

q

- T∆SC
q + ∆EVib,C

q ) 13.7 - 0.2 + 0.8 - 0.4 ) 13.9 kcal/
mol. The deviations of ∆GC

q, ∆EC
q, ∆(ZPE)C

q, T∆SC
q, and

∆EVib,C
q are (2.3, (2.5, (0.5, (0.8, and (0.2 kcal/mol,

respectively. Because the frequency of the formation of a
water channel in the SET8 ·Lys20-NH3

+ · +AdoMet complex
is 66.7%, the observed free energy barrier (∆Gobs

q) equals
∆GC

q/66.7% ) 20.8 kcal/mol (Figure 2A), which is in
agreement with the free energy barrier (20.6 kcal/mol)
calculated from the experimental rate constant (0.43 ( 0.02
min-1) (9). Thus, the result presented here could not likely
be improved by employing the more rigorous, but time-
consuming, umbrella sampling method.

The enzyme-catalyzed methyl transfer reaction is calcu-
lated to be exergonic overall: ∆GC° ) ∆EC° + ∆(ZPE)C° -
T∆SC° + ∆EVib,C° ) -17.1 + 2.8 - 0.6 - 0.1 ) -15.0
kcal/mol (Figure 2A). The deviation in ∆GC° is (5.6 kcal/
mol.

Product Specificity of SET8. The water channel, so
important in enzyme activity, is not present in either the

product SET8 ·Lys20-N(Me)H2
+ ·AdoHcy or SET8 ·Lys20-

N(Me)H2
+. More importantly, formation of the SET8 ·Lys20-

N(Me)H2
+ · +AdoMet complex is not followed by dissociation

of a proton from Lys20-N(Me)H2
+ because the methyl

substituent blocks the formation of a water channel by being
in the position that Lys-H must occupy (Figure 3). Mutation
Tyr245Phe in SET7/9 has been reported to convert the
enzyme from a mono- to a dimethyltransferase (44). We have
foundbyMDsimulationthatthismutatedSET7/9[Y245F] ·Lys4-
N(Me)H2

+ · +AdoMet complex has a water channel (18).
Thus, a future goal is to find what mutation, in particular
Tyr245, would have significant influences on the activation
barrier and product specificity of SET8.

FIGURE 2: (A) Schematic free energy profile for the methyl transfer reaction by SET8. The key geometric parameters of (B) ground-state
SET8 ·Lys20-NH2 · +AdoMet, (C) transition state TS-M, and (D) product state SET8 ·Lys20-N(Me)H2

+ ·AdoHcy are given. The numbers
in parentheses are the bond orders at TS-M.

FIGURE 3: Schematic diagram of the position of the amine group at
(A) SET8 ·Lys20-NH3

+ · +AdoMet and (B) SET8 ·Lys20-N(Me)H2
+ ·

+AdoMet.
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Also, the fact that methyl transfer is dependent upon the
presence of a water channel is in excellent agreement with
our previous studies (17–19, 41) of the LSMT (dimethyl-
transferase with a single lysine as a substrate), vSET
(trimethyltransferase), and SET7/9 (monomethyltransferase)
enzymes. Thus, the formation of a water channel determines
whether methyl transfer reactions catalyzed by all SET
domain enzymes occur (Scheme 2).

NAC Contributions to the Product Specificity. If we
suppose that the Lys20-N(Me)H2

+ proton dissociation pro-
vides SET8 ·Lys20-N(Me)H · +AdoMet, the configurations at
the ground states would be as shown in Figure 4.

For a reaction to take place, the reacting atoms must come
together to van der Waals separation and at angles resembling
that in the transition state. Such near-attack conformations
(NACs) are the doors through which the ground state must
pass to the transition state (38–40). For NACs, we allow
160 ( 20° for the bond angle (y-axis in Figure 4) and e3.7
Å for the bond length (x-axis in Figure 4). Thus, SET8 ·Lys20-
NH2 · +AdoMet has 952 NACs, while SET8 ·Lys20-
N(Me)H · +AdoMet has 97 NACs (Figure 4). This provides
additional evidence for SET8 as a monomethyltransferase
to catalyze the H4-K20 peptide substrate.

Supposed “Second” Methyl Transfer Reaction Step. By
single-point MP2/6-31+G(d,p)//MM, the calculated average
free energy barrier for the second methyl transfer step is
∆GC

q ) ∆EC
q + ∆(ZPE)C

q - T∆SC
q + ∆EVib,C

q ) 34.7 +
0.9 + 2.2 - 0.7 ) 37.1 kcal/mol. The deviations of ∆Gq,
∆Eq, ∆(ZPE)q, T∆Sq, and ∆EVib

q are (6.2, (4.8, (0.7, (1.6,
and (0.5 kcal/mol, respectively. As compared with the
average free energy barrier (20.8 kcal/mol) for the allowed
methyl transfer step, this higher free energy barrier of 37.1
kcal/mol for the forbidden reaction [Lys20-N(Me)H +
+AdoMetf Lys20-N(Me)2H+ + AdoHcy] suggests that the
higher energy barrier from NAC at the SET8 ·Lys20-
N(Me)H · +AdoMet ground state is what makes the reaction
unfavorable.

Normal-mode analysis shows that the transition state
(TS-D) of the supposed second step [SET8 ·Lys20-N(Me)H ·
+AdoMetf SET8 ·Lys20-N(Me)2H+ ·AdoHcy] has one and
only one imaginary frequency of 303 ( 122i cm-1. In

the TS-D, the N[Lys20-N(Me)H] · · ·Cγ(+AdoMet) and
Cγ(+AdoMet) · · ·Sδ(+AdoMet) bond lengths are 2.46 ( 0.12
and 2.14 ( 0.14 Å, respectively, and the N[Lys20-
N(Me)H] · · ·Cγ(+AdoMet) · · ·Sδ(+AdoMet) bond angle is 157
( 14°. This nonlinear bond angle is not favorable for a SN2
reaction and indicates an alternative factor for the product
specificity of SET8.

CONCLUSIONS

We have now employed the histone H4 lysine 20 (H4-
K20) methylation by SET8 in the study of the product
specificity of protein lysine methyltransferases. MD simula-
tions show that a water channel appears only in the
SET8 ·Lys20-NH3

+ · +AdoMet complex. The electrostatic
interactions between two positive charges on +AdoMet and
Lys20-NH3

+ decrease the pKa of Lys20-NH3
+. The dissocia-

tion of the proton of Lys20-NH3
+ occurs, which is associated

with a barrier of 8.4 kcal/mol at pH 8.0, via this water
channel. A water channel does not form in SET8 ·Lys20-
N(Me)H2

+ ·AdoHcy, SET8 ·Lys20-NH3
+, or SET8 ·Lys20-

N(Me)H2
+. Notably, a water channel does not appear in the

SET8 ·Lys20-N(Me)H2
+ · +AdoMet complex. The conforma-

tion of the nitrogen substituent of Lys20-CH2N(Me)H2
+

(Figure 3) determines the presence, or absence, of the water
channel and proton dissociation that creates the neutral
Lys20-N(Me)H substrate. Also, noting the dependence of
methyl transfer occurring on the formation of a water channel
in our previous studies of SET7/9, LSMT, and vSET (17–19)
establishes a definitive mechanism (Scheme 2). Also, the
comparison (Figure 4) of the near-attack conformations of
thegroundstatesSET8 ·Lys20-NH2 · +AdoMetandSET8 ·Lys20-
N(Me)H · +AdoMet as well as the configuration at the
transition states (172 ( 2° in Figure 2 and 157 ( 14° in the
text) for the two reactions provides additional information
for the product specificity of SET8. Our calculated free
energy barrier, ∆GC

q, for the methyl transfer reaction
[SET8 ·Lys20-NH2 · +AdoMet f SET8 ·Lys20-N(Me)H2

+ ·
AdoHcy] is 13.9 ( 2.3 kcal/mol. The presence of water
channel is 66.7% likely, so the observed free energy barrier
(∆Gobs

q) equals ∆GC
q/0.667 ) 13.9/0.667 ) 20.8 kcal/mol,

which is in excellent agreement with the free energy barriers

FIGURE 4: Distributions of configurations at the (A) SET8 ·Lys20-NH2 · +AdoMet and (B) SET8 ·Lys20-N(Me)H · +AdoMet ground states.
The Cγ(+AdoMet) · · ·Nε(Lys20-NH2) {or Cγ(+AdoMet) · · ·N[Lys20-N(Me)H]} bond length is on the x-axis and in angstroms, and the
Sδ(+AdoMet)-Cγ(+AdoMet) · · ·N(Lys20-NH2) {or Sδ(+AdoMet)-Cγ(+AdoMet) · · ·N[Lys20-N(Me)H]} bond angle is on the y-axis and in
degrees. For NACs, we allow 160 ( 20° for the bond angle (y-axis) and e3.7 Å for the bond length (x-axis).
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of 20.6 kcal/mol calculated from the experimental rate
constants (0.43 ( 0.02 min-1) (9). The worth of any
computational method for determining the reaction coordi-
nates for an enzymatic reaction can be judged by comparing
the computed free energy of reaction (∆GC

q) to the experi-
mental ∆GE

q determined from kcat. The average value of the
experimental ∆GE

q for the six lysine methyl transfer reactions
carried out by vSET (19), LSMT (17), and SET7/9 (41) with
p53 as a substrate is 22.1 ( 1.0 kcal/mol, and the computed
average ∆GC

q equals 22.2 ( 0.8 kcal/mol. In this study, ∆GE
q

) 20.6 kcal/mol and ∆GC
q ) 20.8 kcal/mol. Thus, these

results could not be made better by employing the more rigid,
but time-consuming, umbrella sampling or potential of mean
force method.
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